We report here the DNA sequence of the alcohol dehydrogenase gene (A&) cloned from Drosophila willistoni. The three major findings are as follows: ( 1) Relative to all other Adh genes known from Drosophila, D. willistoni Adh has the last intron precisely deleted; PCR directly from total genomic DNA indicates that the deletion exists in all members of the willistoni group but not in any other group, including the closely related saltans group. Otherwise the structure and predicted protein are very similar to those of other species. (2) There is a significant shift in codon usage, especially compared with that in D. melanogaster Adh. The most striking shift is from C to U in the wobble position (both third and first position).
Introduction
The alcohol dehydrogenase locus (A&z) in Drosophila has been cloned and sequenced from multiple species, and its expression and regulation have been studied in several of these species ( Kreitman 1983 ; Bodmer and Ashburner 1984; Fischer and Maniatis 1985; Coyne and Kreitman 1986; Schaeffer and Aquadro 1987; Rowan and Dickinson 1988; Laurie et al. 1990; Sullivan et al. 1990; Schaeffer and Miller 199 1; Thomas and Hunt 199 1; Yum et al. 199 1) . Because the locus has been so well characterized in diverse species, the differences and similarities manifest in these sequences provide an excellent profile of the evolution of a gene and are potentially useful in establishing the phylogenetic relationships among species and groups of drosophilids.
The Drosophila willistoni species group has a long history in evolutionary and population genetic studies (reviewed in Dobzhansky and Powell 1975; Ehrman and Powell 1982) . Yet this group is one of the few major groups of Drosophila in which Adh had not previously been studied. Here we present the initial results of our studies. The three major issues we address are ( 1) the significant change in the structure of the gene in the willistoni group compared with all other known Drosophila species, (2) the marked shift in codon usage compared with other species, and that this new sequence provides for the phylogenetic placement of (3) the the information willistoni group.
Material and Methods
The strain of flies used for the cloning of willistoni Adh is designated "W4L" and was recently collected from Aguas do 10s Rios, Brazil. Other strains of the species groups were obtained from the Bowling Green Drosophila Stock Center, Professors Lee Ehrman and Francisco Ayala, and Dr. Steven Daniels. Strain species identifications were confirmed by a combination of morphological examination, crosses to known tester strains, and isozyme analysis.
Cloning
Genomic DNA from W4L was partially digested with Sau3A and was size fractionated on a lo%-40% glycerol gradient. Fragments longer than 12 kb were ligated into BamHI-digested Lambda-Dash (Strategene) phage arms. The library was screened using an -0.6-kb gel-purified XhoI-Hind111 fragment of the Drosophila pseudoobscura Adh gene, which contains coding sequence from the terminal exon (Schaeffer and Aquadro 1987) . Hybridization of radiolabeled probe to nitrocellulose filter lifts was carried out at 65°C in 0.6 M NaCl, 180 mM Na2P04, 6 mM EDTA, 1% n-lauryl sarcosine, 10% dextran sulfate, 0.5% heparin. After hybridization, filters were washed twice in 0.2 M NaCl, 60 mM Na2P04, 2 mM EDTA, 1% SDS and once in 0.1 M NaCl, 30 mM Na2P04, 1 mM EDTA, 1% SDS. All washes were carried out at 65°C. Approximately 3.0 X 10 5 recombinant phage were screened to yield two recombinants containing the entire coding region of the Adh gene. Both positive clones yielded identical restriction fragments for the region represented by Adh, so only one clone was subsequently sequenced. Restriction fragments containing the Adh and flanking sequence were subcloned into M 13 mp 18 and mp 19 vectors ( Norrander et al. 1983 ) .
Sequencing DNA sequencing was by the dideoxy chain-termination method, using Sequenase (United States Biochemical) and following the manufacturer's protocol. Both strands were 100% sequenced, and synthetic oligonucleotides were used to sequence through regions not accessible by simple subcloning procedures. Initial sequence alignments were accomplished using the Needleman and Wunsch ( 1970) algorithm and the GAP function of the GCG Wisconsin software package (Devereaux et al. 1984) . The accession number is L08648.
PCR Amplifications

Genomic
DNA was extracted by the method of Werman et al. ( 1990) . PCR (polymerase chain reaction) amplification was performed using 20 base primers at positions 418-437 (in exon 2) and 663-682 (in exon 3) of the D. willistoni Adh sequence (see figs. 1 and 3). Forty cycles of amplification were carried out using a Perkin Elmer Cetus DNA thermal cycler under the following conditions:
94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. Primers at homologous sites of the D. melanogaster and D. pseudoobscura Adh sequences were used under identical conditions to amplify this region in species of the melanogaster subgroup and the obscura group. PCR products were electrophoresed on 2% agarose gels, stained with ethidium bromide, and photographed using a Polaroid MP4 camera.
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Phylogenetic Analysis
The PHYLIP programs of Felsenstein ( 1989) and PAUP programs of Swofford ( 1990) were employed in the phylogenetic analyses. The maximum-liklihood method designated DNAML from PHYLIP was used on the distance data. The parsimony analysis of PAUP was carried out using an exhaustive search of all possible trees, followed by bootstrap analysis.
Codon Usage Analysis
The statistics "relative synonymous codon usage" (RSCU) described by Sharp and Li ( 1986) ) as well as the "effective number of codons" (N,) described by Wright ( 1990) ) were calculated using the software package CODONS described by Lloyd and Sharp (1992) . Figure 1 indicates the first novel finding from the Drosophila willistoni Adh. The third intron, which is present in all other species groups of Drosophila that have been studied to date, is missing. This includes members of the two major subgenera, Drosophila and Sophophora. The evidence that the gene structure depicted in figure 1 is for an active Adh gene and not a pseudogene, a nonhomologous sequence, or a cloning artifact is severalfold. First, unlike processed pseudogenes, at least one intron in the gene, the second intron, is still present. (We use the terminology generally used for Drosophila Adh, in calling the final intron the third; the first intron separates the distal adult leader sequence but does not interrupt a coding region. We have not studied transcription of Adh in D. willistoni, so we do not know whether there is a first intron in this gene, but we are certain that the second intron, which does interrupt the coding sequence, is present in the same location as in all other species.) There is no poly-T 3' tail as expected from a reverse-transcribed processed mRNA; there is, however, a poly-A recognition site 2 14 bases 3 ' to the termination codon. There is a proximal (larval) 5 ' TATA box in almost the exact position as in melanogaster. Of the 3 X 10 5 recombinant plaques screened, the two isolated gave by far the strongest signal with only one other weakly positive clone (which was not analyzed).
Results
In situ hybridization fig. 2 . Scale is approximate, and the distal promoter of melanogaster is not shown.
to polytene salivary-gland chromosomes with the sequence we cloned yielded a single site of hybridization (data not shown). As discussed later, the phylogenetic position of D. willistoni indicated by the sequence that we presume to be the active A&z gene is consistent with virtually all other proposed phylogenies based on other data; that is, the gene tree based on comparison of this sequence with other species-active Ad/z gene sequences agrees with all other evidence. As will be shown next, PCR amplification directly from genomic DNA yielded evidence that the intron is missing, ruling out cloning artifacts. Thus we are quite confident that the structure presented in figure 1 is for the active Adh in the W4L strain of D. willistoni.
For a study of intraspecific Adh polymorphism,
we have subsequently PCR amplified the gene from more than 15 strains of D. willistoni representing a wide geographic distribution; all are missing the third intron (E. A. Carew and J. R. Powell, unpublished results). Thus, all the evidence is that the lack of this intron is not simply a polymorphism in D. willistoni but is a fixed feature of the species.
To determine how widespread the missing intron is in the willistoni group, we PCR amplified the sequence from several other species. As the primers for amplification we used two 20mers flanking the missing intron as indicated in figure 1. Figure 2 shows these results compared with other members of the subgenus Sophophora. As far as we have been able to ascertain, the intron is missing from the whole willistoni group. The closely related sultans group appears to contain the intron, as do all other species, so that the deletion of the intron is specific to the willistoni group. (table 1) . This is the lowest third-position C+G frequency for any Drosophila Adh (Starmer and Sullivan 1989; Thomas and Hunt 199 1) . The N, (Wright 1990) provides a general measure of codon usage bias and is given in table 1. This indicates that D. melanogaster has the most biased Adh sequence, that willistoni has the least biased, and that pseudoobscura is intermediate.
We also present, in the Appendix, a table of the relative synonymous-codon-usage statistic of Sharp and Li ( 1986) , for the willistoni Adh sequence.
The shift in codon usage is particularly striking for five amino acids that have alternative C and U in the third position (table 2) . In all cases melanogaster has a codon usage typical of highly biased genes in this species (Shields et al. 1988 )) i.e., a preponderance of C in the third position. In willistoni there is a shift to using U, for all five amino acids listed. Whether there is bias or random usage in willistoni is not clear; a simple statistical test, X 2, indicates that the pooled usage of U and C in the third position for these five amino acids is not significantly different from random usage (X2 = 1.03, 1 df, P z 0.5 ) However, the pooled data comparing melanogaster and wiNistoni do yield a significant X2 (x' = 9.90, I df. P < 0.01). The shift from C to U is not confined to synonymous changes in the third position. Leucine is an amino acid that has C/U "wobble" in the first position. Table 2 indicates a significant shift of C to U in the first position when melanogaster is compared with willistoni (x2 = 17.90, 1 df, P < 0.01).
The divergence of the willistoni Adh sequence relative to those in four other species is indicated in table 3. In this table we break the divergence into the three exons defined by the prototypic structure in melmogasler.
As noted elsewhere (e.g., see Schaeffer and Aquadro 1987), divergence is not uniform over the three exons. The upper part of this table is for first and second codon positions only, which are primarily nonsynonymous.
The third positions relative to these four species are virtually saturated, so that corrected estimates are > lOO%, at which point any method of correcting for multiple hits is subject to considerable error (e.g., see Li et al. 1985 ) . For the first and second codon positions we used the Kimura ( 1980) correction, which allows for a bias for transitions and transversions; the PHYLIP program provides for a 2: 1 bias, which was used here. As shown by Li et al. ( 1985) ) the exact method of correcting for multiple substitutions is probably not important at the distances involved for these sequences (k -C 0.5). Table 4 presents the distance matrix used for phylogenetic analysis; it was constructed for all exonic sequences by using the Kimura correction.
Because the large divergence of flanking and intron sequences precludes alignment with other species, phylogenetic analyses were performed for coding sequences only. Figure 4 shows the two trees obtained from both the maximum-likelihood analysis based on distances (table 4) and parsimony based on character-state data. Both analyses yield the same topography, with reasonably strong statistical assurance. The weakest part of the trees concerns the placement of willistoni with respect to pseudoobscura. Both analyses agree that pseudoobscura is closer to the melanogaster group than is willistoni, but the bootstrap analysis of the parsimony tree indicates that this is supported only 67% of the time.
Discussion
Structure
The Adh gene in Drosophila displays surprising variation in structure and organization; at least three different organizations have been noted within this single genus.
The melanogaster structure noted in figure 1 might be considered the prototype, as it was the first deduced. This is the most common structure and is found in both the subgenera, Drosophila and Sophophora. This structure also exists in Hawaiian Drosophila (Thomas and Hunt 199 1) , which are generally agreed to be a very early branch of the genus (Beverley and Wilson 1985; DeSalle and Grimaldi 199 1; Caccone et al. 1992 ). Although we did not study enough 5' DNA to detect the distal promoter, the willistoni structure is similar to that of melanogaster, except for the missing third intron. A third organization, three fairly closely linked copies of the Adh gene, exists in several species of the repleta group (Sullivan et al. 1990 ); one copy is a pseudogene, and the other two are active. (Wright 1990) .
b Overall G+C content. c G+C content at silent sites. d Schaeffer and Aquadro (1987) . ' Kreitman (1983) .
Other Drosophila genes, e.g., Xdh, are known to vary among species, in the presence/absence of introns (Riley 1989) . However, it is not clear, in most cases, whether an intron has been lost or gained. In the present case, we can make a strong argument that absence of the third intron in the willistoni group is a derived state, as all other Drosophila species studied to date have this intron. Similar arguments have been made for the Sod gene among genera of Diptera ( Kwiatowski et al. 1992 ). These observations of precise excisions of introns may be relevant to the issue of whether introns are the ancestral state of genes, with loss of introns a derived state, or whether introns were added into genes at a latter stage of evolution (see chapters in Weiner 1987; Stone and Schwartz 1990) . If primordial genes contained introns, and if some lineages (e.g., present-day eubacteria) have lost them, then some mechanism must exist to precisely excise introns without the loss of reading frame. One possible route is through processed pseudogenes, but these generally lack control regions and are reinserted more or less randomly into genomes. The observation of the precise excision of the third intron ofAdh in D. willistoni, with no evidence of a processed mRNA intermediate, provides evidence for a mechanism that can precisely remove an intron while leaving the control regions intact.
Codon Usage
The most notable difference in the willistoni Adh sequence is the relatively even usage of G+C and A+T in the synonymous, primarily third, position of codons. In D. melanogaster these positions are preferentially occupied by G+C, which is typical of genes with highly biased codon usage in this species (Shields et al. 1988 ). Other species, as indicated by the inclusion of the pseudoobscura data in tables 1 and 2, are intermediate between the situation in melanogaster and willistoni, which, to date, appear to be the extreme ends of an apparent continuum in pattern of codon usage. The shift in codon usage is particularly notable in twofold-degenerate codons, which can use C or U in the wobble position (table 2). This occurs for both first and third wobble positions.
At least three hypotheses have been proffered to explain variation in codon usage: level of protein expression, mutational bias, and relative abundance of isoaccepting tRNAs (reviewed in Ikemura 1985 c Present report.
d Shields et al. ( 1988) ; values are based on 15 highly biased genes from D. melunoguster.
requires more comparative sequence data on a variety of genes. This is the first protein sequence reported in the willistoni group, so no real distinction among hypotheses is possible. However, the extreme difference (at least in this one gene) between melanogaster and willistoni makes this an intriguing situation to test the hypotheses with further data.
Phylogenetic Inferences
The phylogenies in figure 4 are consistent with several other attempts to order the phylogenetic position of the three major groups of the subgenus Sophophora.
These attempts include classical morphological data (Throckmorton 1975) ) DNA sequence data from mtDNA and cladistic analysis of morphological data (DeSalle and Grimaldi 199 1) , sequence data from rRNA ( Pelandakis et al. 199 1) ) and DNA-DNA hybridization data (Caccone et al. 1992 ). Thus we are fairly certain that the Adh gene trees depicted in figure 4 represent the species trees. While we include here the sequence data from only a single species of the willistoni group, both the absence 6 14 AnCterSOn et al. 
30.0%
13 NOTE.-Exons l-3 refer to the three coding regions found in most Drosophila species. * Distances are substitutions per site and were calculated using Kimura's (1980) two-parameter method. To obtain a more conservative estimate of divergence, only first and second codon positions were considered when calculating distances among the respective exons. A-coding sequence shows distances from across the entire coding sequence, not broken down by exon, when first and second codon-position changes are used. B-coding sequence is the same as A-coding sequence, except that third codon-position changes are included. b Differences are given as percentages of amino acids that differ between two species. Sequence alignments were accomplished using the GAP program (Devereaux et al. 1984) , which utilizes the Needleman and Wunsch (1970) algorithm. of the third intron in all members of this group that we have tested and its presence in all other Drosophila studied ( fig. 2) 
Conclusions
This analysis of the Adh gene in D. willistoni has contributed to the growing knowledge of this very well-studied gene. Perhaps the major principle that has emerged is that caution must be exercised in drawing generalities about patterns in molecular evolution. There is no single structure or organization for this gene, even in the single subgenus Sophophora. Likewise, the codon usage varies considerably among species within this subgenus. It is the richness of such variations on a theme that, if extensively known in detail, may provide insights into processes. The Adh gene-enzyme system in Drosophila is beginning to be known in sufficient detail in enough species that we can anticipate it providing further insights. a Observed number of codons divided by the number expected if all codons for that amino acid were used equally (Sharp and Li 1987) . Values were calculated using the CODONS software package (Lloyd and Sharp 1992) .
APPENDIX
